Host-microbe symbioses rely on the successful transmission or acquisition of symbionts in each new generation. Amphibians host a diverse cutaneous microbiota, and many of these symbionts appear to be mutualistic and may limit infection by the chytrid fungus, Batrachochytrium dendrobatidis, which has caused global amphibian population declines and extinctions in recent decades. Using bar-coded 454 pyrosequencing of the 16S rRNA gene, we addressed the question of symbiont transmission by examining variation in amphibian skin microbiota across species and sites and in direct relation to environmental microbes. Although acquisition of environmental microbes occurs in some host-symbiont systems, this has not been extensively examined in free-living vertebrate-microbe symbioses. Juvenile bullfrogs (Rana catesbeiana), adult red-spotted newts (Notophthalmus viridescens), pond water and pond substrate were sampled at a single pond to examine host-specificity and potential environmental transmission of microbiota. To assess population level variation in skin microbiota, adult newts from two additional sites were also sampled. Cohabiting bullfrogs and newts had distinct microbial communities, as did newts across the three sites. The microbial communities of amphibians and the environment were distinct; there was very little overlap in the amphibians' core microbes and the most abundant environmental microbes, and the relative abundances of OTUs that were shared by amphibians and the environment were inversely related. These results suggest that, in a host species-specific manner, amphibian skin may select for microbes that are generally in low abundance in the environment.
Introduction
All animals are host to symbiotic micro-organisms that constitute their natural microbiota. As a result of these ancient, intimate associations, animals may rely on microbes for many critical life processes, such as digestion and energy acquisition (Wenzel et al., 2002; Turnbaugh et al., 2006; Rosenberg et al., 2007) , circadian rhythm control (Heath-Heckman et al., 2013) and disease resistance (Dethlefsen et al., 2007; Rosenberg et al., 2007; Kaltenpoth and Engl, 2013) . Advances in culture-independent molecular techniques, including next-generation sequencing of the 16S rRNA gene, have greatly expanded our ability to characterize these often complex microbial communities and can provide key insights into the function of these symbiotic microbes, as well as to their maintenance in populations across generations.
Long-term host-microbe symbioses rely on the successful transmission or acquisition of symbionts in each new generation. In some systems, this may predominantly occur via vertical transmission from parent to offspring. Many insect-microbe symbioses are maintained by vertical transmission Damiani et al., 2008; Lauzon et al., 2009) . However, in other systems, symbionts may predominantly be obtained from the environment in each new generation. This appears to be the case in the squid-Vibrio (Nyholm and McFall-Ngai, 2004) , legume-Rhizobium (Jones et al., 2007) and stinkbugBurkholderia symbioses. There is great variation in symbiont transmission modes among plants and animals, however, with some hosts using a combination of environmental acquisition and vertical transmission of symbiotic microbes (Bright and Bulgheresi, 2010) . Understanding the route of transmission is important, as it influences evolutionary dynamics in the system (Ewald, 1987; Bright and Bulgheresi, 2010) . For example, symbionts that are strictly transmitted vertically often exhibit reduced genome size as a result of gene loss and lack of horizontal gene transfer (Moran, 2003; Sachs et al., 2011a,b) . Genome reduction can affect the ability of these symbionts to evolve or repair degraded genes, which can limit the functioning of the symbionts and thus the evolution of the symbiosis (Sachs et al., 2011b) . In contrast, symbionts that are transmitted via the environment often have large, expanded genomes (Sachs et al., 2011a) . Conflicts of fitness interests exist between hosts and symbionts, even in obligate mutualisms, and transmission mode is thought to modulate these conflicts and thus influence evolutionary patterns (Sachs et al., 2011a) . In addition to evolutionary implications of transmission, systems reliant on environmental transmission of symbionts may be more likely to be impacted by large-scale environmental change.
Work on transmission in free-living vertebratemicrobe symbioses suggests that factors such as habitat use and diet are likely important in determining the composition of the gut microbiota (for example, humans, non-human primates, other mammals, fish, iguanas; Ley et al., 2008a,b; Nayak, 2010; Hong et al., 2011; Muegge et al., 2011; Amato et al., 2013) . Several recent studies on fish suggest that the gut microbiota may not be a simple reflection of the microbes in their environment, but that selection for specific environmental microbes may be occurring (Roeselers et al., 2011; Sullam et al., 2012) . Furthermore, by comparing the microbial communities of different species of larval amphibians cohabiting in single ponds and thus exposed to the same environmental inocula, the results of the study by McKenzie et al. (2011) suggest that host specificity, not pond environment, influences microbial community composition. However, few studies on free-living vertebrates have been able to directly assess the composition of the environmental microbes that individuals are exposed to in relation to their associated microbes using culture-independent methods.
Amphibian skin microbes provide a good model system for examining this question of transmission. In recent years, it has become clear that amphibians host a diverse array of cutaneous microbes (Culp et al., 2007; Lauer et al., 2007 Lauer et al., , 2008 McKenzie et al., 2011; Walke et al., 2011) . Many of these microbial symbionts appear to be mutualistic and may have a role in resistance to the chytrid fungus, Batrachochytrium dendrobatidis, which has caused global amphibian population declines and extinctions in recent decades (Woodhams et al., 2007b; Harris et al., 2009a, b; Becker and Harris, 2010; Lam et al., 2010) , as well as to other potential amphibian pathogens (for example Banning et al., 2008) . In the first next-generation sequencing study of these skin symbionts, McKenzie et al. (2011) demonstrated that these communities roughly parallel the complexities of the human skin microbiota, and that there are likely amphibian species-specific microbial assemblages, even across sites. There is also some evidence for different potential routes of transmission in amphibian microbe systems. Banning et al. (2008) and Walke et al. (2011) provide evidence that microbes may be vertically transmitted in two amphibian species that exhibit nest attendance behavior, while Muletz et al. (2012) experimentally demonstrated that it is possible to transfer probiotic bacteria from soil to salamanders. Using bar-coded 454 pyrosequencing of the 16S rRNA gene, we examined the bacterial community structure on the skin of two cohabiting amphibian species and the relationship of these bacterial communities with those of their pond environment. For one of these species, we surveyed two additional locations to examine population-level variation in skin microbiota. Lastly, we compared the bacteria associated with Virginia amphibians with those associated with Colorado amphibians sampled in McKenzie et al. (2011) to begin to synthesize our knowledge of amphibian skin microbiomes. The results we present have important implications for understanding host-microbe interactions in wildlife, including transmission of mutualistic symbionts.
Materials and methods

Sample collection
In a single pond at the University of Virginia's Mountain Lake Biological Station (Giles County, VA, USA), we examined the bacterial community structure of juvenile bullfrogs, Rana catesbeiana (N ¼ 12), and cohabiting adult red-spotted newts, Notophthalmus viridescens (N ¼ 10), and how their communities relate to those of their pond environment (water, N ¼ 3; substrate, N ¼ 3). Although it is possible amphibians could acquire microbes from environmental sources other than pond water and pond substrate (for example, vegetation or forest surrounding the pond), we focused on the environment with which these aquatic newts and juvenile bullfrogs were currently and primarily in contact. In addition, to assess population-level variation in microbiota, adult newts (N ¼ 10/site) from two additional sites were also sampled (Pandapas Pond in Jefferson National Forest, Montgomery County, VA, USA, and Virginia Tech's Kentland Farm, Montgomery County, VA, USA). Amphibians were captured either by hand or by dip-net. All sampling occurred in summer 2010.
In the field, individual amphibians were rinsed with sterile water to remove transient bacteria (Lauer et al., 2007) , then swabbed using sterile, rayon-tipped swabs, which are non-inhibitory to live micro-organisms (Medical Wire & Equipment MW113). The swab was used to examine whole bacterial community structure using bar-coded 454 pyrosequencing. Each individual was swabbed ten strokes along the ventral side and five strokes along each dorsal/lateral side to standardize the sample collection. A fresh pair of gloves was used when handling each individual. Swabs were also used to collect the pond water and pond substrate samples at three randomly selected locations around the ponds. For water sampling, a sterile swab was moved around in the water for 5 s at a depth of B10 cm. Substrate from the pond bottom (including mud and decaying leaves) was collected with a dip-net then swabbed for 5 s. We sampled the top B15 cm of substrate, as this is the part of the substrate to which the amphibians are likely exposed. Swabs were immediately placed on ice and were then frozen at À 20 C until DNA extraction.
DNA extraction, amplification and pyrosequencing Whole-community DNA was extracted from each of the 48 swabs using the Qiagen DNeasy Blood & Tissue Kit. The V2 region of the 16S rRNA gene was amplified by PCR with primers 27F-338R (Fierer et al., 2008) . The reverse primers contained unique 12-bp error-correcting Golay barcodes used to tag each PCR product (Fierer et al., 2008) , which allowed us to assign sequences to each sample based on the unique barcode. All samples were run in triplicate, and no-template controls were run for each sample. After equimolar pooling of PCR amplicons, 12 samples were run on each of four regions using the Roche 454 FLX Titanium platform at the University of South Carolina Environmental Genomics Core Facility.
Bioinformatics and statistical analysis
The total number of 454 sequences generated was 323 979, with an average number of sequences per sample of 6750 (range 86-31 153). Sequences were analyzed using the Quantitative Insights Into Microbial Ecology (MacQIIME, v. 1.5.0) pipeline (Caporaso et al., 2010b) . Sequences were de-multiplexed and filtered based on read length (minimum of 200 bp), quality score (minimum of 25) and number of errors in the barcode (maximum of 1.5). After denoising with Denoiser (Reeder and Knight, 2010) , sequences were clustered into OTUs (operational taxonomic units) at 97% sequence similarity using the uclust method (Edgar, 2010) . The most abundant sequence in a cluster was assigned as the representative sequence for that OTU. Sequences were aligned to the Greengenes 12_10 reference database (DeSantis et al., 2006) using PyNAST (Caporaso et al., 2010a) and assigned taxonomy using RDP classifier (Wang et al., 2007) . Only OTUs containing 0.001% of the total number of sequences were used in analyses (Bokulich et al., 2013) . To standardize sampling effort across samples, the samples were rarefied at 1000 sequences, resulting in final sample sizes of Mountain Lake bullfrogs, N ¼ 11, Mountain Lake newts, N ¼ 7, Pandapas Pond newts, N ¼ 9, and Kentland Farm newts, N ¼ 8. Final pond substrate and water samples remained unchanged, N ¼ 3 each.
The core microbiota was defined as the set of OTUs present on 80% or more of individuals in a host population. To assess beta-diversity, we applied Nonmetric Multi-Dimensional Scaling (NMDS; Kruskal, 1964) based on the Bray-Curtis measure of dissimilarity (Bray and Curtis, 1957) in OTU relative abundances across samples. In addition, we used the phylogenetic-based weighted UniFrac distance metric (Lozupone et al., 2011) to evaluate beta-diversity. The results using Bray-Curtis and weighted UniFrac were the same, and only the results for Bray-Curtis are presented. OTU relative abundances were computed for each sample by dividing the number of reads assigned to the OTU by the total number of rarefied reads for that sample.
Ordinations are useful in that the interpretation of pairwise relative distances as a reflection of observation similarities is clear; for example, samples in an ordination that are close are more similar to one another (across all dimensions) than those that are far apart. To decipher whether variation in the pairwise distances can be explained by covariates, we applied Adonis (available in the vegan package (Oksanen et al., 2013) in R (version 2.15.1; www.r-project.org); Anderson, 2001 ). Specifically, Adonis is an analytical method that is comparable to a non-parametric version of multivariate analysis of variance (MANOVA) and was applied to test whether microbial communities were significantly different across sample source or site. Measures of significance are interpreted like a P-value and, for this application, were based on 999 permutations. It has been shown that Adonis may confound location and dispersion effects (Anderson, 2001 ), but it is less sensitive to dispersion than some of its alternatives, such as analysis of similarities, or ANOSIM (Oksanen et al., 2013) . Separate analyses were conducted for the withinsite (Mountain Lake bullfrogs, newts, pond water and pond substrate) and across-site (Mountain Lake, Pandapas Pond and Kentland Farm newts) data sets.
Venn diagrams were created using the program Venny (Oliveros, 2007) to visualize the OTUs that were shared between bullfrogs, newts, pond substrate and pond water at Mountain Lake and between newts at the three sites. To examine the relationship between amphibian and environmental microbes, we calculated the proportion of amphibian OTUs that were also found in the environment and used a Fisher's exact test to compare these proportions across the two amphibian species. We then compared the mean relative abundances of OTUs that were shared between newts or bullfrogs and pond water and pond substrate. Mean relative abundances of OTUs were calculated by dividing the sum of relative abundances across all samples in a group by the total number of samples in that group.
We compared the bacterial communities found on our Virginia amphibians with a previous published data set of skin microbes on Colorado amphibian species to begin to synthesize our knowledge of the amphibian skin microbiome. Also using bar-coded pyrosequencing, McKenzie et al. (2011) sampled the skin microbial communities of three amphibian species (tiger salamanders, Ambystoma tigrinum, N ¼ 12; Western chorus frogs, Pseudacris triseriata, N ¼ 13; and Northern leopard frogs, Lithobates pipiens, N ¼ 7) across two to four sites each, for a total of 32 individuals. Using the representative sequences of our amphibian-associated OTUs as a reference database, we clustered the sequences from McKenzie et al. (2011) at 97% similarity using the closed-reference OTU picking method in QIIME. The sequences from McKenzie et al. (2011) that we used for this analysis were quality-filtered, but not previously clustered into OTUs. The resulting closed-reference data set was then rarefied to an even sampling depth of 80 sequences/sample, which produced 180 OTUs.
Results
Within the Mountain Lake site, red-spotted newts, bullfrogs, pond water and pond substrate had distinct microbial communities based on NMDS ordination (Figure 1 ; NMDS stress: 0.16; Adonis F ¼ 4.555, P ¼ 0.001, R 2 ¼ 0.41). Bullfrogs also had greater individual variability in microbial communities than newts as indicated in the greater distances among bullfrog samples on the NMDS ordination as compared with the newt samples (that is, newts clustered more tightly together than bullfrogs). A total of 595 and 117 OTUs were observed on bullfrogs and newts at Mountain Lake, respectively, with 71 of these OTUs observed on both species (Figure 2) . Overall, most amphibian OTUs were not observed in the environmental samples (84%, 538 of 641 total amphibian OTUs). However, newts shared more of their microbes with the environment (38%, 44 of 117 OTUs) than bullfrogs shared with the environment (16%, 94 of 595 OTUs; Fisher's exact test, P ¼ 0.0001; Figure 2 ). This was the case for both water (newts: 25%, 29 of 117 OTUs; bullfrogs: 11%, 65 of 595; Fisher's exact test, P ¼ 0.0002) and substrate (newts: 17%, 20 of 117 OTUs; bullfrogs: 8%, 49 of 595; Fisher's exact test, P ¼ 0.0056). Lastly, newts across the three sites shared 55 OTUs (Figure 3) .
Most OTUs (80%, 82 of 103 OTUs) that were shared between any amphibian host and the environment were at relative abundances in the pond water or substrate of 0.1% or less (Figure 4 , cluster of points near origin). The OTUs that were abundant on bullfrog or newt skin were in relatively low abundance in the environment, and, similarly, the more abundant environmental OTUs were in Variation and selection of amphibian skin microbes JB Walke et al relatively low abundance on bullfrog or newt skin (Figure 4 ). For example, two OTUs, in the genus Bacillus and family Enterobacteriaceae, dominated the Mountain Lake pond substrate samples, representing 36 and 30%, respectively, of all substrate OTUs. These were present on bullfrogs at relative abundances of 0.05 and 0.08%, and on newts at 0.03 and 2.2%. The most abundant pond water OTU belonged to the ACK-M1 family of the Actinomycetales, representing 18% of pond water OTUs, yet only 0.02 and 0.01% of bullfrog and newt OTUs, respectively. The general pattern of inversely related relative abundance of the skin microbes and the environmental samples is exemplified by examination of the core skin microbiota (Table 1) , which was defined as OTUs that were present on 480% of individual hosts in a population. Bullfrogs and newts at Mountain Lake each had seven OTUs representing the core microbial community (Table 1) . Ten of the 11 Mountain Lake amphibian core OTUs were present in the environment at relative abundances at or below 0.1%. The more abundant environmental OTU was a Pseudomonas that was in the pond substrate with a relative abundance of 6.2%. Indeed, of the 29 most abundant substrate OTUs (40.1% relative abundance), this Pseudomonas OTU was the only one to overlap with the Mountain Lake amphibian core microbiota, and it was actually a core member of all four amphibian populations sampled (Table 1 ). The distribution of pond water OTUs was more dispersed than the substrate samples, with 70 pond water OTUs present in relative abundances 40.1%. However, again, of that group, only a single Hydrogenophaga OTU appeared as a core member of the newt skin microbiota at Mountain Lake. Furthermore, most of the abundant environmental OTUs (66% of substrate OTUs and 66% of water OTUs) were not observed on any amphibian host, suggesting that amphibian skin is not simply colonized by the abundant environmental microbes. For newts at Pandapas Pond and Kentland Farm, respectively, 7 and 10 OTUs were observed in 480% of individuals in a population and thus considered core microbes (Table 1) . Within newts, across the three sites, newt skin bacterial communities were significantly different from each other ( Figure 5 ; NMDS stress: 0.12; Adonis F ¼ 4.000, P ¼ 0.001, R 2 ¼ 0.28). Pair-wise comparisons were made between the sites, and the microbial communities at each site were significantly different from each other (KF vs PP: F ¼ 4.500, P ¼ 0.002; KF vs ML: F ¼ 6.926, P ¼ 0.003; ML vs PP: F ¼ 1.953, P ¼ 0.05) despite some overlap in the NMDS ordination ( Figure 5 ). The NMDS ordination demonstrates that the skin microbial communities on the Kentland Farm newts are less variable among individuals than the skin microbial communities on Pandapas Pond and Mountain Lake newts ( Figure 5 ). It is important to note that the Adonis significance test may confound location (across-group variation) and dispersion (within-group variation) effects (Anderson, 2001) , such that significant differences may be caused by different within-group variation or different means across groups. To explore the possibility that dispersion was driving the between-group differences, we removed the outliers and re-ran the analyses. With the outliers removed and dispersion effects minimized, the Mountain Lake and Pandapas Pond newt microbial communities become only weakly significantly different (Adonis, ML vs PP: F ¼ 2.090, P ¼ 0.06), suggesting that dispersion may have a stronger role in the identified differences between those two forested sites. However, both forested sites (ML and PP) remained significantly different from the agricultural Kentland Farm (KF) site following outlier removal (Adonis, KF vs PP: F ¼ 4.624, P ¼ 0.001; KF vs ML: F ¼ 9.412, P ¼ 0.004), suggesting that it is group location and not dispersion that drive this pattern.
Despite the distinct clustering of microbial communities across species and sites (Figures 1  and 5) , there was some overlap in particular OTUs on the amphibians. Three amphibian core OTUs (in the genera Pseudomonas, Sanguibacter and Varivorax) were present on both bullfrogs and newts in the same pond. The Pseudomonas and Sanguibacter OTUs were also present on newts at all three sites. There was one additional core OTU that was found on newts at all three sites and was not found on the bullfrogs (in the genera Stenotrophomonas; Table 1 ). The mean relative abundances of the amphibians' core OTUs ranged from 0.3 to 34.4% (Table 1 ), suggesting that the amphibians' core microbiota also tends to contain the more dominant members of their microbial communities. Indeed, with the exception of Pandapas Pond newts, the most dominant OTU (in terms of relative abundance) in each amphibian population was also part of the core microbiota (bolded OTUs in Table 1) .
At the phylum level, newts' and bullfrogs' microbiota across all sites were dominated by Proteobacteria, followed by Actinobacteria, Firmicutes and Bacteroidetes (Figure 6 ), with mean relative abundances across all samples of 71, 16, 7 and 3%, respectively. When focusing on the 12 bacterial phyla with mean relative abundances 40.1% across all samples, newts at Mountain Lake were dominated by Proteobacteria (96%) with the remaining 11 phyla ranging from 0 to 3.6% in relative abundance. In contrast, bullfrogs at Mountain Lake had a more even representation of these phyla, ranging from 0 to 45% in relative abundances. The newts at Pandapas Pond also had a more even representation of the phyla than newts at Mountain Lake or Kentland Farm (Figure 6 ). Of the 875 amphibian OTUs observed in this study, 180 (20.6%) overlapped with those associated with amphibians sampled from Colorado in McKenzie et al. (2011) . Five of the 14 newt or bullfrog core OTUs were also detected on Colorado amphibians (underlined in Table 1 ). A newt core OTU classified as Hydrogenophaga was found on all three amphibian species sampled in Colorado. Newt core OTUs in the genera Stenotrophomonas and Microbacterium were detected on Western chorus frogs and Northern leopard frogs, whereas a newt core OTU classified as Methylotenera was only detected on the Western chorus frog. Lastly, a Pseudomonas OTU that was a member of Virginia bullfrog and newt core microbiotas was also detected on the two Colorado frog species sampled, but not on the tiger salamanders.
Discussion
Our results suggest that amphibian skin harbors microbes that are generally in low abundance in the environment, as opposed to being colonized by microbes that are abundant in the environment. The microbial communities of amphibians and the environment clustered separately in the NMDS ordination; there was very little overlap in the amphibians' core microbes and the most abundant environmental microbes, and the relative abundances of OTUs that were shared by amphibians and the environment were inversely related. This same pattern has been seen in sponge and squid systems, such that symbionts that are in very low abundance in the surrounding environment are highly abundant in the hosts (Nyholm et al., 2000; Nyholm and McFall-Ngai, 2004; Webster et al., 2010) . In these other systems, the mucous layer appears to act as a filter, selecting for certain members of the free-living environmental microbial community, and in some cases specific microbes in the environment may be attracted to host-produced compounds (Bright and Bulgheresi, 2010) . Indeed, Lee and Qian (2004) identified potential host chemically mediated control of bacteria on the surface of sponges.
While both symbiont and host factors are important in determining the composition of the microbiota, the amphibian host likely has a strong influence on the composition of microbes inhabiting the skin. Amphibian skin is complex, involving mucous skin secretions, host-produced anti-microbial peptides, microbes and microbially produced metabolites. The components are likely to interact in a complex manner. For example, Myers et al. (2012) found a synergistic interaction between bacterially produced metabolites and host-produced peptides, in terms of inhibition of a fungal pathogen of amphibians. Amphibians produce varying amounts of mucus secretions (Lillywhite and Licht, 1975) , which, in addition to preventing desiccation and aiding in skin-shedding and escape from predators, may act to regulate microbial growth. Furthermore, each amphibian species has their own set of antimicrobial peptides (AMPs; Woodhams et al., 2006a Woodhams et al., , b, 2007a Daum et al., 2012) , with some host species not producing any at all (Conlon, 2011) . Some amphibian populations can be differentiated based on their AMPs (Tennessen et al., 2009; Woodhams et al., 2010) . These peptides are likely having a role in regulating the growth of certain microbes, leading to amphibian species-specific and population-specific microbiota.
An additional factor that may influence both transmission dynamics and the host-specific nature of amphibian skin microbiota is skin sloughing. Amphibians shed their skin at different intervals, and this interval can further be influenced by environmental factors, such as temperature (Meyer et al., 2012) . Meyer et al. (2012) also found that sloughing reduces the abundance of symbiotic skin microbes substantially, although Harris et al. (2009a) found that in a Rana muscosa bioaugmentation study at least some microbes can persist on the skin despite shedding, even without an available environmental inoculum. In terms of transmission, important questions arise, such as whether all symbionts persist on the skin or whether hosts re-acquire at least some of their symbionts from the environment after each sloughing event (intragenerational transmission; Bulgheresi, 2011) . Interestingly, there were six amphibian core OTUs (two newt, three bullfrog and one shared) that were not detected in the environment at all. This could be because these microbes are in such low abundance in the environment that they were simply not detected with our methods, that they are present in a habitat other than the pond water or substrate, such as grass along the edge of the pond, or that they are transmitted vertically or horizontally via conspecifics. However, our results, in combination with other recent studies, suggest that the amphibian skin microbiota is likely to be maintained by a mixture of transmission modes (for example, Banning et al., 2008; Walke et al., 2011; Muletz et al., 2012) . This is not unusual in the animal kingdom, as several sponge-symbiont associations are maintained via a combination of vertical and environmental transmission (Schmitt et al., 2008; Webster et al., 2010) , and, therefore, the relative importance of the environmental microbe pool varies across host taxa. A lot of progress has been made in understanding the transmission dynamics of the bobtail squidVibrio fischeri symbiosis (Nyholm and McFall-Ngai, 2004) , which consists of a single cultivable bacterium. In the cases of sponge-associated and amphibian-associated microbiota, the complex and diverse nature of the symbiont communities may make symbiont transmission dynamics more difficult to elucidate (Webster et al., 2010) .
We observed differences in microbial communities of juvenile bullfrogs and adult newts at the same site. These species have different life histories, which may, in part, explain differences in their microbial communities. Newts have aquatic embryos that hatch into an aquatic larval stage. The aquatic larvae metamorphose into terrestrial juvenile 'efts' before returning to the pond to breed as adults. In contrast, the juvenile bullfrogs had recently metamorphosed and would never have left this site, as they would have developed there from aquatic embryos and larvae.
We also observed differences in microbial communities of newts across three sites, including greater individual variation at Pandapas Pond and Mountain Lake as compared with Kentland Farm. The pond at Kentland Farm is surrounded by a large agricultural experimental farm, whereas the ponds at Pandapas and Mountain Lake are surrounded by forest and fed by creeks or springs. Pandapas Pond is also stocked with fish and is a popular recreation site for humans and their pets, which are additional sources of new and diverse microbes. The isolation of the pond at Kentland Farm and the characteristics of the surrounding habitat may limit the dispersal opportunities for newts at this site, thus limiting microbial sources. Amphibians' life history and site characteristics appear to have a role in microbial community structure of amphibian skin.
The four most abundant bacterial phyla identified in this study (Proteobacteria, Actinobacteria, Firmicutes and Bacteroidetes) are consistent with the dominant groups found on amphibian skin in other studies, including those of other species and that employed different microbial community characterization methods (Culp et al., 2007; Lauer et al., 2007 Lauer et al., , 2008 Lam et al., 2010; McKenzie et al., 2011) . Interestingly, these four dominant amphibian skin bacterial phyla are also the most dominant phyla on human skin, although the order of relative abundance varies (Costello et al., 2009; Grice et al., 2009) . A further sequence comparison analysis between this study and data from McKenzie et al. (2011) revealed that B20% of Virginia amphibianassociated bacteria were also associated with Colorado amphibians, so there may be some broad-scale similarities in these communities. However, only three of the 12 newt core bacteria in our study were considered core in all three newt populations, and this pattern of intraspecific variation in core or dominant bacteria across populations also appears to be consistent with the results of the study by McKenzie et al. (2011) in Colorado. This suggests that only a subset of the 'core' for any given amphibian population might be considered a member of the core microbiota of that species across its broader geographic range.
The devastating amphibian skin disease, chytridiomycosis, is caused by the fungus Batrachochytrium dendrobatidis (Bd; Berger et al., 1998; Longcore et al., 1999; Lips et al., 2006; Skerratt et al., 2007) . Although research examining the role of cutaneous symbionts in preventing chytridiomycosis and Bd infection is growing (Belden and Harris, 2007; Bletz et al., 2013) , key questions remain about individual, population and species variation in susceptibility to Bd (Retallick et al., 2004; Daszak et al., 2004; Briggs et al., 2005; Searle et al., 2011) . Our results demonstrate that bullfrogs and newts have distinct microbial communities, despite cohabitation in a single pond. This finding of host species-specific microbiota is consistent with another study of amphibian skin microbiota (McKenzie et al., 2011) and could explain some variation in disease susceptibility among species, as some members of amphibians' natural microbiota can inhibit growth of Bd (Harris et al., 2006; Walke et al., 2011) and appear to have a role in preventing colonization by pathogenic microbes (Harris et al., 2009a,b; Becker and Harris, 2010) . Within a species, population-specific microbiota, which we also observed with the newts in our study, could explain variation in disease susceptibility among populations (Lam et al., 2010) . Understanding variation in skin microbiota and how microbes are transmitted is a critical step in the development of amphibian probiotics for conservation Harris, 2007, Bletz et al., 2013) .
By directly assessing the microbial community composition of free-living amphibian hosts and the environmental microbes to which these individuals are exposed, we were able to demonstrate that amphibian skin microbiota is not simply a reflection of the microbes in the environment, but that host species-specific selection for rare environmental microbes is likely occurring. This finding is consistent with other systems, such as squid (Nyholm and McFall-Ngai, 2004) , sponges (Webster et al., 2010) and some fishes (Roeselers et al., 2011; Sullam et al., 2012) . Amphibian skin microbiota appears to be maintained by a combination of transmission modes, as occurs in other animal-microbe symbioses. Regardless of their transmission mode, endo-and ecto-symbionts exploit a range of fascinating cellular mechanisms to ensure intra-and trans-generational associations with their hosts (Bulgheresi, 2011) . Further research into the cellular mechanisms of the complex interactions taking place on amphibian skin will provide insights into the overall ecology and evolution of this symbiosis.
